We theoretically and experimentally investigated the light shift (AC Stark shift) of the 6 2 S 1/2 (F = 3 ↔ 4) transition frequency in 133 Cs, as observed through coherent population trapping (CPT) using a pulsed laser light. There is a good agreement between the calculation and experiment proving the dependence of the light shift on various pulsed laser parameters. The dependence of the light shift on the laser intensity is non-linear at a small intensity. However, it is linear at a higher intensity, and the theoretical slope is 50 times lower than that when using continuous excitation. We then investigated the effect of the observation timing of the resonance signal on the light shift. We found in the observation during an early time that the shift is small. * Electronic address: yano-yuichiro@ed.tmu.ac.jp
I. INTRODUCTION
Compact atomic clocks are required for many applications fields such as in telecommunications, navigation systems, and synchronization of networks [1] . Atomic clocks based on coherent population trapping (CPT) have attracted much attention as fabricating compact frequency references [2] . In general, atomic clocks are demanded for long term frequency stability. Long term frequency instability is caused by frequency shifts due to changes in the measurement conditions.
It is well known that the buffer gas and light shifts in CPT atomic clocks are limiting factors of long term stability [3] . The buffer gas is often contained in the gas cell in order to suppress the relaxation of atoms due to collisions between them and the vapor cell wall, which is important for observing the narrow resonance linewidth; However, the frequency shift is caused by and depends on the vapor pressure and the temperature of the gas cell [4] . Fortunately, the way to combine two buffer gases that have frequency shifts in opposite directions to the temperature have been reported on to reduce temperature dependence [5, 6] , and this allows for a good temperature coefficient of frequency (TCF) to be obtained. In addition, zero TCF is observed in the 70 to 80
• C range by using Ne buffer gas [7] . The light shift is the frequency shift depending on the light intensity incident on the atoms. The light shift under a continuous wave proportionally increases with the increase in light intensity.
The frequency sensitivity to the light intensity is higher than that to the temperature.
Therefore, the light shift is a dominant factor limiting the long term stability of CPT atomic clocks [8] .
Several methods have been proposed for suppressing the light shift [9] [10] [11] . In particular, it has previously been reported that the Raman-Ramsey scheme significantly suppresses the light shift [12] [13] [14] . As a result, a high frequency stability of 2 ∼ 3× 10 −14 at 200 s can be obtained using a Cs vapor cell [15] . However, the relation between the light shift and the interrogation parameters is still unclear. Therefore, it is necessary to investigate the relation between the light shift and the interrogation parameters, such as the light intensity, free evolution time, and observation timing, in order to enhance the long term frequency stability.
We theoretically and experimentally investigated the light shift of the 6 2 S 1/2 (F = 3 ↔ 4) transition frequency in 133 Cs under pulse excitation for this paper. The light shift in Ramsey-using a 133 Cs gas cell and the D 1 -line VCSEL. The calculated and measured light shift as a function of the total light intensity is also shown. The results showed that the light shift under pulse excitation is significantly less than that under continuous excitation. In addition, the light shift is non-linear at a small intensity. We also show the light shift as a function of the observation timing, which shows that the light shift under pulse excitation is dependent on the observation timing and increases with the increase in observation timing. We also made an observation during the early stages and noted the shift was small. Since these results show there is a good agreement between the calculation and experiment proving the dependence of the light shift on various pulsed laser parameters, we now know that the analytical method gives us a precise estimation of the light shift with a Ramsey-CPT resonance.
II. THEORY
Figure 1 (a) shows the excitation scheme using a left circular (σ + ) polarized light field on the 133 Cs-D 1 line. In the CPT phenomenon, two-ground states of the 6 2 S 1/2 are coupled to common excited state of the 6 2 P 1/2 , simultaneously.
In this system, the dynamical behavior of the density matrix ρ is governed by the quantum
where H is the Hamiltonian matrix for this three level system and R stands for the relaxation terms. Using the rotating wave approximation with the simplified Λ-type model shown in Fig. 1 (b) , Eq.(1) can then be rewritten as
and the density matrix trace satisfies the closed system condition.
Here, |1 and |2 correspond to the two ground states |F = 3, m F = 0 and |F = 4, m F = 0 in the 6 2 S 1/2 state, and the |3 corresponds to 6 2 P 1/2 .
The total emission rate is Γ 3 = Γ 31 + Γ 32 , and Γ 31 = Γ 32 , γ f = Γ 3 /2, γ s is a minuscule quantity γ s ≪ γ f for the case where the cell does not contain a buffer gas [16] . In the case of bichromatic light, we have the relation: Figure 2 shows the Ramsey interrogation sequence [17] . The first laser pulse of duration τ irradiates the atoms into the dark state. After a free evolution time T , the same laser irradiates the atoms again. Immediately after a pulse rise, the transmitted intensity of the second pulse is measured at the end of τ o and the atoms are prepared for the next measurement. This pulse cycle is repeatedly executed until the atomic state reaches equilibrium.
The Rabi frequency in this scheme is expressed as
Since the Liouville equation does not contain the frequency shift term with regard to the light intensity, and the light field will shift the energy levels of the two ground states via the light shift, we include the light shift terms in Eq. (2).
where LS 1 and LS 2 are the light shifts under continuous excitation. These light shift terms are the sum of the light shift caused by the higher order sidebands (See Appendix).
The density matrix element ρ 33 is the population of the excited state and it is proportional to the fluorescence intensity. When the atoms fall into the dark state, the fluorescence has the smallest value. Therefore, we investigated the ρ 33 for calculating the light shift. Figure   3 shows the ρ 33 as a function of the Raman detuning ∆ 0 using Eq. (2), including Eq. (5).
We can see that the line shape of the Ramsey-CPT fringe can be calculated in Fig. 3 (a). (5) is shifted.
III. EXPERIMENTAL SETUP
The experimental setup is shown in Fig. 4 . The measurement system is based on the previous Ramsey-CPT observation system [13] .
We used a single-mode VCSEL fabricated by Ricoh Company, Ltd. to simultaneously excite two ground states to the common excited state. The wavelength of the VCSEL to excite 133 Cs at the D 1 -line was 895 nm. The VCSEL was driven by a DC injection current using a bias T and was modulated at 4.6 GHz using an analog signal generator to generate the first order sidebands around the laser carrier.
The light intensity was modulated for the pulse excitation by using the acousto-optical modulator (AOM). The AOM has a nominal rise and fall time of 65 ns. The total light intensity incident on the gas cell is adjusted by the control voltage of the AOM and is calibrated by the optical power meter.
A Pyrex gas cell containing a mixture of 133 Cs atoms and Ne buffer gas at a pressure of 4.0 kPa was used. The gas cell was cylindrical; it had a diameter of 20 mm and optical length of 22.5 mm. The gas cell temperature was maintained at 42.0 • C. The gas cell and Helmholtz coil were covered with a magnetic shield to prevent the external magnetic field from affecting the magnetic field inside the cell. The internal magnetic field of the gas cell was created by the Helmholtz coil. The axis of a 10-µT magnetic field was set to be parallel to the direction of the laser light (C-axis direction).
IV. RESULTS
A. The light shift as a function of the light intensity Figure 5 (a) shows the calculated light shift as a function of the intensity under pulse excitation. The natural linewidth without buffer gas is 2π×4.575 MHz [18] , it was used as the emission rate in our calculation. In addition, the AM and FM modulation indexes were set at 0.2 and 1.832, respectively. The calculated slope of the light shift under continuous excitation was 0.174 Hz/(µW/cm 2 ), and the light shift under continuous excitation was proportional to the light intensity within all ranges of light intensity. The light shift under pulse excitation increases with the increase in light intensity. We can see that the light shift under pulse excitation was significantly less than that under continuous excitation.
In addition, an important finding here is that the light shift under pulse excitation was nonlinear with regard to the light intensity. Under a small light intensity (< 100 µW/cm 2 ), the light shift was non-linearly to the light intensity, and the slope of the light shift decreased with the increase in light intensity. The maximum differential light shift value was estimated at 89.1 mHz/(µW/cm 2 ) with the absence of light intensity. Since the maximum differential value under pulse excitation is less than that under continuous excitation, it is understood that pulse excitation enables us to obtain less frequency sensitivity to the light intensity compared to that with continuous excitation. The light shift linearly increases with the increase in light intensity in the light intensity range over 100 µW/cm 2 . The solid line is the fitting curve of the light shift in the intensity range from 100 to 1000 µW/cm 2 . The slope of the light shift is 3.44 mHz/(µW/cm 2 ) under pulse excitation. A comparison with the slope of the light shift under continuous excitation (0.174 Hz/(µW/cm 2 )) showed that the light shift dependent on the intensity under pulse excitation is one fiftieth smaller than that under continuous excitation. Since the slope of the light shift under pulse excitation for a large light intensity is significantly smaller than that for a small light intensity, in order to reduce the sensitivity of the light shift it is necessary to excite the atoms using a large light intensity. The same qualitative tendency is also proven by the experimental results ( Fig. 5 (b)). However, the slope of the light shift with an intensity over 400 µW/cm 2 is four times larger than that of the calculation. This is presumably because the sideband distribution is different from that shown in the Appendix, and the actual emission rate is greater than the natural linewidth considerably, since Ne buffer gas was contained in the gas cell. Since the saturated light shift is almost equal to the light shift under continuous excitation, we found that the atoms fall into a dark state under continuous excitation.
The time that the light shift saturates is defined as τ s . We found that the saturation time τ s decreases with the increase in light intensity. Since the saturation state is the dark state under continuous excitation, the atoms more quickly fall into the dark state for the larger light intensity. One of the reasons is that the light shift depends on the emission rate of the excited state and the sideband distribution. Therefore, using the appropriate emission rate and modulation indexes will enable for a precise estimation of the light shift.
V. CONCLUSION
We theoretically and experimentally investigated the light shift of the 6 2 S 1/2 (F = 3 ↔
4) transition frequency in
133 Cs under pulse excitation. The light shift in Ramsey-CPT is calculated based on the density matrix analysis. We also showed the experimental results when using a 133 Cs gas cell and the D 1 -line VCSEL. From the theoretical results of the light shift as a function of total light intensity, we found that the slope of the light shift under pulse excitation is significantly 50 times lower than that under continuous excitation. In addition, the light shift has a non-linear dependency at a small intensity. The light shift as a function of the observation timing is also shown. The light shift under pulse excitation is dependent on the observation timing and increases with the increase in observation timing.
An observation during an early time setting showed that the shift is small. From these results, there is a good agreement between the calculation and experiment proving there is the dependence of the light shift on various pulsed laser parameters. Therefore, the analysis method provides us with a precise estimation of the light shift under pulse excitation.
VI. APPENDIX
In this appendix, we show the calculation method of the light shifts of two ground states, LS 1 and LS 2 , under continuous excitation. The light shift contains the frequency shift taking into account the higher order sidebands emitted by the VCSEL.
The light shift between the ground and excited states can be calculated as [19] LS = 1 4
where Ω is the Rabi frequency, ∆ is the detuning from the absorption line, and Γ is the total emission rate. The VCSEL is generally used as the light source for the CPT atomic clocks and the injection current of the VCSEL is modulated by a RF generator in order to generate the two coherent laser beams. However, the higher order sidebands are generated together by the modulation. The higher order sidebands are located near the absorption line and contribute to the light shifts. Therefore, the light shift depends on the modulation depth of VCSEL.
In the case of simultaneous frequency and amplitude modulation, the electric field irradiated by the VCSEL modulated by the RF generator is given as [20] 
where ω 0 is the carrier and ω m is the modulation frequency. M is the amplitude-modulation (AM) index and β is the frequency modulation (FM) index. E 0 is the electric field strength and ϕ is the phase between the AM and FM.
From Eq. (7), the laser intensity is calculated using
In the frequency domain, the n-th order sideband intensity I(n) that is contained within
where J n (β) is the n th-order Bessel functions.
From Eq. (9), the electric field of the n-th order sideband is calculated as
In the 133 Cs-D 1 line, the Rabi frequency of each sideband is given as
Here, |i is the ground state 6 2 S 1/2 and |j is the excited state of 6 2 P 1/2 . In particular, since n = +1 and -1 sidebands are components exciting two ground states, Ω p and Ω c correspond to Ω 34 ′ and Ω 44 ′ . Figure 7 shows the histogram of the intensity normalized by the total light intensity in the n order range from -5 to 5. The AM modulation index is set at 0.2 and the FM modulation index β is set at 1.832 to maximize the intensity ratio of the first sidebands. We found that the higher order sidebands are generated together with the two first sidebands, and the sideband intensity decreases with the increase in the order n. In addition, since the higher order sideband's detuning from the absorption line increases with the increase in the n order, the influence on the light shift is small with the increase in the n order. Therefore, this enables us to ignore the light shift by using higher order sidebands over 4 (|n|>3).
The detunings of the n-th order sideband are given as
Here, f S is the frequency difference between the two ground states of the 6 2 S 1/2 (F = 3 ↔ 4). f P is the frequency difference between the two excited states of the 6 2 P 1/2 (F' = 3 ↔ 4).
From Eqs. (11) and (12), the light shifts LS 1 and LS 2 of the two ground states can be calculated by using Eq. (13) .
We can obtain the light shift under a continuous wave by using modulated VCSEL. Figure 8 shows the light shift as a function of the total light intensity. The light shift linearly increases with the increase in total light intensity. 
